A r t i c l e s
Schemes for purifying human embryonic progenitors should be useful for studying the mechanisms underlying human embryogenesis and for developing cell therapies. As the retrieval of gastrulationstage human embryos is prohibited on ethical grounds, the only practical source of early developmental progenitors is human pluripotent stem cells (hPSCs). Classifying differentiated progeny of hPSCs can rely on evolutionary conservation of gene expression patterns and similarities to mouse embryonic precursors 1 . However, the identification of differentiated hPSCs is confounded by the pleiotropic expression patterns of embryonic genes and the heterogeneity of the cultures, which may lead to alternative interpretations. For example, evidence for bone morphogenetic protein 4 (BMP4)-induced emergence of trophoblasts from hESCs 2 was recently challenged by a report suggesting that BMP4-treated hESCs are mesoderm cells expressing trophoblast genes 3 . Alternatively, expression of trophoblast genes may reflect the presence of trophoblasts mixed with mesoderm progenitors. Similar doubts appear with respect to meso-endoderm lineages. As early endoderm and mesoderm genes are commonly detected in differentiating cultures of hESCs 4 , mouse ESCs (mESCs) 5 and epiblast stem cells 6 , it is not clear whether endoderm cells emerge in whole or in part from mesendoderm progenitors. Moreover, as mouse primitive and definitive endoderm tissues are specified by a common set of transcriptional regulators 7 , including Sox17, Gata4, Gata6 and Foxa2, it is difficult to determine which endoderm lineage develops during differentiation in culture. Distinguishing human progenitors therefore requires purification schemes based on additional information.
Self-renewing cultures of ESCs include small fractions of differentiated cells 8 , which confound the analysis of pluripotency. Without purifying true pluripotent cells and differentiating cells, it is difficult to determine, for example, whether low mRNA levels of differentiation genes detected in cultures of mESCs reflect priming of lineage specification programs in undifferentiated cells 9 or the presence of small populations of differentiating cells. Isolation of pure undifferentiated cells and progenitor populations from hESCs should provide the cellular resolution required to address such questions in a human model. We and others have shown that cell purification followed by functional assays to determine progenitor-progeny relationships is fundamental for lineage classification. Using fluorescenceactivated cell sorting (FACS) in conjunction with monoclonal antibodies (mAbs) that recognize surface antigens, we purified the blood-forming hematopoietic stem cells 10 , their downstream common progenitors (myeloid 11 and lymphoid 12 ), skeletal muscle stem cells 13 , human neural stem cells 14 , mouse osteochondral progenitors 15 , cancer stem cells 16 and more. Here we use a large panel of surface markers to resolve progenitor heterogeneities that develop during early stages of hESC differentiation. We refer to progenitors and isolation of primitive endoderm, mesoderm, vascular endothelial and trophoblast progenitors from human pluripotent stem cells Micha Drukker 1,4 , Chad Tang To identify early populations of committed progenitors derived from human embryonic stem cells (hESCs), we screened selfrenewing, BMP4-treated and retinoic acid-treated cultures with >400 antibodies recognizing cell-surface antigens. Sorting of >30 subpopulations followed by transcriptional analysis of developmental genes identified four distinct candidate progenitor groups. Subsets detected in self-renewing cultures, including CXCR4 + cells, expressed primitive endoderm genes. Expression of Cxcr4 in primitive endoderm was confirmed in visceral endoderm of mouse embryos. BMP4-induced progenitors exhibited gene signatures of mesoderm, trophoblast and vascular endothelium, suggesting correspondence to gastrulation-stage primitive streak, chorion and allantois precursors, respectively. Functional studies in vitro and in vivo confirmed that ROR2 + cells produce mesoderm progeny, APA + cells generate syncytiotrophoblasts and CD87 + cells give rise to vasculature. The same progenitor classes emerged during the differentiation of human induced pluripotent stem cells (hiPSCs). These markers and progenitors provide tools for purifying human tissue-regenerating progenitors and for studying the commitment of pluripotent stem cells to lineage progenitors.
precursors as committed cells producing differentiated progeny in vitro and giving rise to organs in vivo, respectively. We focus on identifying committed progenitors that exist in self-renewing cultures or that emerge in response to 3-day treatments with BMP4 or retinoic acid. BMP4 promotes development of posterior epiblast precursors, which give rise to primitive streak mesoderm, extra embryonic mesoderm tissues (e.g., the allantois) and primordial germ cells 17, 18 . Retinoic acid is involved in the emergence of precursors that give rise to neuroectoderm and neural crest 19 . Based on gene expression signatures in sorted putative progenitor populations, comparison to mouse development, and functional assays, we discovered surface markers specific for four types of progenitors, exhibiting primitive endoderm, mesoderm, vascular endothelial and trophoblast characteristics. We show that these four progenitor groups also emerge from hiPSCs, indicating the applicability of the markers for isolation of progenitors from any source of hPSCs.
RESULTS

Identifying surface markers of putative progenitors
We used flow cytometry in conjunction with 408 mAbs (Supplementary Table 1 ) to identify subpopulations of candidate progenitors that were present in undifferentiated, conditioned media (CM)-treated cultures of hESCs or that emerged in response to treatment with 100 ng/ml BMP4 or 0.5 µM retinoic acid in serum-based media (Fig. 1a) . We conducted the screen after 3 d of treatment, a period required for a noticeable reduction in the mRNA of pluripotency genes and upregulation of genes characteristic of gastrulation (data not shown). We dissociated the cells nonenzymatically and subsequently identified 115 mAbs, each of which labeled at least 1% of the cells after one or more treatments. Many of the markers that were downregulated after treatment with retinoic acid or BMP4 (e.g., CD44, CD50, CD100, CD138, TRA-1-60, TRA-1-81 and SSEA-4; Supplementary Table 2) were also absent or expressed at low levels on small subpopulations of cells (1-10%) present in self-renewing CM-treated cultures (Fig. 1b and Supplementary Table 3 ). As we expect only a small percentage of cells to differentiate in self-renewing cultures, we hypothesized that these subpopulations consisted of spontaneously emerging progenitors. The majority of cells (90-99%) exhibited uniformly high levels of these markers (denoted as pluripotency surface markers or PSMs), and are therefore likely enriched in true pluripotent hESCs. Using the same rationale, we propose that markers expressed by only small subsets of cells (1-10%) in CMtreated cultures (e.g., CXCR4, SSEA-1 and CD173) define candidate progenitors, whereas the populations negative for these markers are enriched in pluripotent hESCs ( Fig.1c and Supplementary Table 3 ). Changes in cell surface marker expression after differentiation treatments (Supplementary Table 2 ) either were restricted to small (~1-20%) subsets of cells (e.g., those expressing APA, ROR2; Fig. 1d ), or were common to most of the cells, thus reflecting a baseline differentiation response (e.g., upregulation of CD173 and downregulation of CD133; Fig. 1e) . In subsequent experiments, we focused on subpopulations that were present in undifferentiated cultures and those that emerged in response to differentiation treatments.
To evaluate the developmental lineages of these cell subsets, we sorted >30 candidate progenitor populations and the respective nonprogenitor populations (exhibiting the opposite expression pattern of the cell surface marker, denoted here as 'inverse populations'). In each subset we analyzed mRNA expression of >100 marker genes, chosen because they regulate the specification of early lineages or are expressed in specific regions of early embryos (Supplementary Table 4 ). For each candidate progenitor population, we calculated for all genes the expression fold-change compared to the inverse population. Hierarchical analysis of these fold changes revealed a relatively small number of signatures (Fig. 2) , indicating that the number of distinct progenitor (e) CD173 and CD133 expression profiles reveal large population shifts in response to treatments with BMP4 and retinoic acid. Red, green and blue lines correspond to CM, retinoic acid and BMP4 treatments, respectively. Gray dotted lines are isotype controls.
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A r t i c l e s types (as determined by the set of reference genes) is considerably smaller than the number of identified cell subsets.
To estimate the number of progenitor types, we computed all pairwise correlations between expression fold-change signatures that were measured for each candidate progenitor population. Clustering this matrix revealed four main diagonal blocks, each corresponding to a group of distinct putative-progenitor populations exhibiting similar fold-change signatures (Supplementary Fig. 1 ). All the candidate progenitor populations sorted from CM-treated cultures were clustered in group no. 1, indicating that one, or few, highly similar progenitor types are spontaneously generated in self-renewing cultures. The candidate progenitors of group no. 2 were isolated only from BMP4-treated cultures, and the remaining two groups, no. 3 and no. 4, consisted of candidate progenitors isolated from either BMP4-or retinoic acid-treated cultures. Biological repeats of cell sorting with the same choice of surface marker and treatment were always clustered within the same progenitor group.
Markers of endoderm progenitors in CM-treated cultures
Expression fold-change signatures of populations from putative progenitor group no. 1 (isolated exclusively from CM-treated cultures) (Supplementary Figs. 1 and 2 (Fig. 2) . The endoderm specification of these putative progenitors (designated by PSM − , CXCR4 + , CD173 + and SSEA-1 + expression) was even more apparent after analysis of genes expressed at high absolute levels (Fig. 2 , bottom panel, right column). To evaluate the resemblance of these cells to early primitive endoderm and later-stage definitive endoderm, we analyzed the expression of pluripotency genes, many of which are downregulated in primitive streak cells 20, 21 . Although endoderm genes were differentially upregulated several hundred-fold, the expression of genes that regulate or are associated with pluripotency (e.g., OCT4, NANOG, SOX2, TDGF1, REX1 (ZFP42) and DNMT3b) was only mildly reduced (1.5-to 3-fold) (Fig. 2) . To verify that induction of endoderm genes coexisted with high expression of pluripotency genes in individual cells (as opposed to contamination of progenitor populations with residual undifferentiated cells), we analyzed the expression of OCT4 and seven differentiation-associated genes (FOXA2, SOX17, MIXL1, PRDM1, EOMES, T and MESP1) in single cells sorted using CXCR4 as a representative marker for group no. 1 (Fig. 3a) . Approximately 50% of the CXCR4 + cells expressed OCT4 together with five or more of the 1.00E-01
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A r t i c l e s seven differentiation genes (Fig. 3b , left and right). Expression of pluripotency genes was high even in cells that expressed the highest levels of CXCR4 (Fig. 3c) . The majority of the CXCR4 + cells expressed genes typical of (but not exclusive to) visceral endoderm, including FOXA2, SOX17, MIXL1, PRDM1 and EOMES 22 . Notably, the early primitive-streak gene T (ref. 23) was not expressed in most of the CXCR4 + cells and was expressed at very low levels in the remaining CXCR4 + cells, suggesting that these cells are not mesendoderm progenitors. All CXCR4 − cells, on the other hand, expressed OCT4 (about fivefold higher compared with CXCR4 + cells) and expressed only very low levels of differentiation genes in a few of the cells (Fig. 3b, right) . OCT4 immunohistochemistry confirmed the slightly higher levels (about threefold) in CXCR4 − compared to CXCR4 + cells (Fig. 3d ). Next, we tested whether CXCR4, which is commonly associated with definitive endoderm in mouse embryos 23 , is also expressed in primitive endoderm tissues. Immunohistochemistry of whole mount and tissue sections of embryonic day 6.5 (E6.5) mouse embryos revealed membrane staining of Cxcr4 in primitive endoderm tissues. Positive staining was observed in cells of the parietal and visceral endoderm, in both the embryonic and extra-embryonic compartments (Fig. 3e,f , green). Cxcr4 staining did not co-localize with that of E-cadherin (Fig. 3e, red) , a pan-epiblast marker that is downregulated in primitive endoderm cells 24 . To further verify that Cxcr4 is expressed in mouse primitive endoderm, we tested whether individual Cxcr4 + cells express canonical endoderm genes at E6.5, an early streak stage 25 preceding the development of the definitive endoderm 26 . To exclude maternal cells from analysis, we crossed GFP + males to wild-type females and separated by cell cytometry the purely embryonic GFP + Cxcr4 + and GFP + Cxcr4 − fractions (Fig. 3e, left and inset) . Transcriptional profiling revealed that only the Cxcr4 + cells expressed the canonical endoderm genes Gata4, Sox17, Gata6, Villin and high levels of Foxa2 (Fig. 3g, right) . In addition, both Cxcr4 + and Cxcr4 − fractions expressed Oct4 and Nanog. (h-j) ROR2 − grafts were substantially larger (h) and contained epithelial structures (arrows, i) and cartilage (arrowheads, j). (g) Positive immunostaining of large portions of ROR2 + grafts with a panel of antibodies recognizing the mesoderm markers, GATA4, myocyte-specific enhancer factor 2C (MEF2C), platelet endothelial cell adhesion molecule (PECAM1, CD31) and smooth muscle actin (SMA). In contrast, the neuronal markers (medium and heavy neurofilament chains; NF M+H) and the epithelial marker, E-cadherin, were not detected in these grafts. (k) Similar analysis in ROR2 − grafts revealed GATA4 and MEF2C staining only in a small number of cells. Likewise, CD31 and SMA were expressed in localized regions in the ROR2 − graft. In contrast, NF M+H and E-cadherin were widely expressed. DAPI staining of DNA is show in blue. Scale bars, 25 µm.
A r t i c l e s
Together, the localization of Cxcr4 to primitive endoderm tissues of E6.5 embryos and expression of canonical endoderm genes at this stage in Cxcr4 + cells indicate that this marker is not restricted to definitive endoderm.
Markers of mesoderm progenitors in BMP4-treated cultures
Subpopulations isolated after 3 d of treatment with BMP4 exhibited three distinct signatures of gene fold-change, each shared by multiple populations that were sorted with different mAbs. The expression signature of ROR2 + , CD13 + , CD44 − and FGFFR3 − cell subsets belonging to group no. 2 ( Supplementary Figs. 1 and 2 ) was characterized by moderate to high expression levels (>1:100 of GAPDH levels, Fig. 2 bottom panel) of 10 out of 12 genes known to be involved in mesoderm and primitive streak formation 22 . These include the mesoderm regulator T, the posterior mesoderm genes MESP1 and EVX1, and additional genes such as MIXL1, SMAD1, WNT3A and FGF8. Besides their mesoderm signature, these populations exhibited induction, and moderate to high levels of 9 out of 18 genes (Fig. 2, bottom panel) expressed in progenitor group no. 1 but at levels that were almost always lower compared with the CXCR4 + population. In contrast, expression of the primitive streak markers T and MESP1 in populations of group no. 2 was considerably higher than in sorted CXCR4 + progenitors (Fig. 4a) . To determine whether these mesoderm characteristics reflected the properties of single cells, we analyzed the expression of representative mesoderm and endoderm genes in single ROR2 + cells isolated from 3-day BMP4-treated embryoid bodies. The majority of these cells exhibited very low transcription of SOX17 (not more than 1 mRNA transcript per cell) but moderate to high of MESP2 (Fig. 4b) . Because the levels of T and MESP1 in these experiments seemed low (<10 mRNA transcripts per cell on average) we remeasured their copy number by "digital PCR" 27 and found that they were expressed at 30 and 22 mRNA transcripts per cells, respectively (Fig. 4b) . Conversely to the differentiation genes, the levels of pluripotency genes were generally ~50-fold lower in ROR2 + cells compared with undifferentiated cells (Fig. 4b, left versus right panel) .
ROR2 + progenitors generate differentiated mesoderm tissue
To functionally test the putative identification of ROR2 + cells with mesoderm progenitors, we analyzed their differentiated outcomes in vivo and in vitro (Fig. 4c-k) . We sorted 5 × 10 5 ROR2 + and ROR2 − cells after 3 days of BMP4 treatment (Fig. 4c, top) , and cultured them individually on Matrigel-coated dishes in the presence of serum-containing medium (FBS) without additional factors. One week later, we transplanted ~1 × 10 5 cells of each population into the subcapsular kidney compartment of Rag −/− γc −/− immunodeficient mice, a site permitting autonomous growth of engrafted tissues 15 . 
A r t i c l e s
In parallel, we analyzed the global gene-expression profiles of the cells that were cultured for 1 week. Cultures of ROR2 + but not ROR2 − cells underwent epithelial-to-mesenchymal transition as determined by strong downregulation of E-cadherin (CDH1) and upregulation of N-cadherin (CDH2), FN1, TWIST1, VIM, MSX1 and SNAI2 (Fig. 4c, bottom) . This transition was accompanied by upregulation of the mesoderm, muscle and cardiac genes T, MESP1, ISL1, MYL4, EOMES, LHX1, FOXF1, MYOCD and HAND1, as well as upregulation of the lateral mesoderm surface markers KDR and PDGFRA [28] [29] [30] (Fig. 4c, bottom) . These changes are characteristic of early primitive-streak precursors undergoing epithelial-to-mesenchymal transition and lateral mesoderm induction during migration 31 . The changes observed in culture were consistent with the outcomes of growth and differentiation in vivo; 8 
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with ROR2 − cells (Fig. 4d,h, respectively) . Histological analysis of the grafts showed that ROR2 − cells formed teratomas consisting of epithelial structures (Fig. 4i) , cartilage (pentachrome staining in Fig. 4j ) and neurons (Fig. 4k) . ROR2 + grafts, on the other hand, did not form teratomas, but rather generated relatively uniform tissues containing vascular structures lacking epithelial, cartilaginous and neuronal characteristics (Fig. 4e,f) . Immunohistochemistry of the ROR2 + grafts revealed strong expression of the mesoderm and endoderm transcription factor GATA4, the muscle and cardiac proteins MEF2C and smooth muscle actin (SMA), and the endothelial marker CD31) (Fig. 4g) . Notably, some of these markers, for example SMA and GATA4, were broadly expressed in the ROR2 + grafts, indicating that the original population was highly enriched for mesoderm progenitors. Conversely, the proportions of cells positive for GATA4, MEF2C, CD31 and SMA within the ROR2 − grafts were substantially lower and typically confined to small regions (Fig. 4k) . The propensity of ROR2 + (but not ROR2 − ) cells to differentiate toward mesenchymal mesoderm tissues was further supported by the complete absence of the epithelial protein, E-cadherin ( Fig. 4g) and placental markers that were detected within grafts derived from APA + cells (Supplementary Fig. 3 ).
Markers of endothelial progenitors in BMP4-treated cultures
Transcriptional analysis of candidate progenitor group no. 3 (consisting mainly of CD87 + and CD60 + subpopulations; Supplementary Figs. 1 and 2) revealed lower levels of pluripotency genes and higher levels of a relatively small set of genes, including PRRX1, SNAI2, VEGFC, NCAM2, LMO2 and DKK1 (Fig. 2, lower panel) . Because these features were not informative enough to allow lineage classification, we analyzed the genome-wide transcriptional profile of CD87 + cells representing this group (Fig. 5a) . Gene ontology analysis of differentially expressed transcripts in CD87 + versus CD87 − cells revealed clear signatures of vasculogenesis and angiogenesis (Fig. 5b) . Notably, the set of differentially expressed genes exhibited a very significant overlap (P = 5.8e-18) with genes expressed in a human microvascular endothelial cell line 32 ; 20 out of 55 genes that were differentially expressed in this line (compared with a tubular epithelial cell line) were also differentially expressed in CD87 + cells (Fig. 5c) . In contrast, only 1 of the 55 genes was considerably lower in the CD87 + population (Fig. 5c bottom) .
To functionally validate the vascular endothelial characteristics of CD87 + cells, we sorted ~1 × 10 5 CD87 + and CD87 − cells from day-5 BMP4-treated cultures and plated them on nondiluted Matrigelcoated dishes in the presence of FBS (an assay for microvascular endothelial cell capillary tubule formation 33 ). The CD87 + cells produced extensive microvascular-like networks, whereas CD87 − cells gave rise to heterogeneous monolayer containing mesenchymal cells and undifferentiated regions (Fig. 5d) . In addition, CD87 + , but not CD87 − cells demonstrated intense perinuclear granular immunostaining of von Willebrand factor, a marker typical of microvascular endothelial cells 34 (Fig. 5e) . Similarly, immunohistochemistry of CD31, a glycoprotein highly expressed by endothelial cells and typically concentrated at endothelial cell borders 34 , revealed strong membrane staining on a large proportion of CD87 + , but not CD87 − cells (Fig. 5f) . Additionally, uptake of acetylated low-density lipoprotein (Ac-LDL) was specific to CD87 + cells, revealing punctuated labeling pattern characteristic of endothelial cells 34 (Fig. 5g) .
Markers of trophoblast progenitors in BMP4-treated cultures
The fourth group of putative progenitor populations, defined by cell surface expression of APA, CD117, EGFR, ABCG2 and LIFR (Supplementary Figs. 1 and 2) , exhibited reduced expression of most of the tested genes (Fig. 2, bottom panel) . As we could not deduce the lineage from this reduction, we performed global analysis of gene expression in APA + versus APA − populations (representing putative progenitor group no. 4; Fig. 6a) . The profile of differential expression revealed strong induction of genes characteristic of villous cytotrophoblasts, including: (i) GCM1 (glial cell missing 1), a master regulator of trophoblast development that governs branching and morphogenesis of the chorion (the embryonic placenta) 35 , (ii) its downstream syncytiotrophoblast-specific target gene, estrogen-synthesizing enzyme CYP19A1 (Aromatase) 36 npg by human syncytiotrophoblasts 37 , (iv) the placenta-specific gene 2 (PLAC2) and (v) VTCN1 (B7H4), which mediates suppression of T-cell immunity in the placenta 38 (Fig. 6b, left) . Comparing the enrichment profile in APA + cells to first trimester villous and extravillous human trophoblasts 39 further supported trophoblast classification of this group of populations; ~70% of the highly enriched genes in APA + cells were also enriched in villous versus extravillous trophoblasts (data not shown). Many other placental genes, such as HAND1, PGF, CAV1 and CTSC, were expressed at relatively high levels in both APA + and APA − populations (Fig. 6b,  right) , consistent with previous reports 2 .
APA + cells generate syncytiotrophoblasts and placental tissue
The trophoblast characteristics of APA + cells were confirmed by functional assays (Fig. 6d-q) . We sorted ~1 × 10 6 APA + and APA − cells from 3.5-day BMP4-treated cultures and plated them separately on gelatin-coated dishes in the presence of FBS. After 5-10 d, we measured the global gene-expression patterns and the tendency of the cells to undergo fusion to produce chorionic-like syncytiotrophoblasts 40 . Unlike cultured ROR2 + progenitors (Fig. 4c,  bottom) , cultured APA + cells did not show signs of an epithelialto-mesenchymal transition, nor did they upregulate mesoderm and muscle genes (data not shown). Instead, they upregulated the placental cadherin CDH3 and various additional placental genes, including STS, ABCG2, PLAC2 and HSD3B1 (Fig. 6c) . Staining with fluorescent phalloidin conjugate (which binds actin filaments) revealed numerous multinucleated cells in the APA + cultures but only few in APA − cultures (Fig. 6d,g, respectively) . To verify that the increase in the number of nuclei per cell reflects a higher fusion propensity of APA + cells, we sorted APA + cells from enhanced GFP-tagged and mCherry-tagged hESCs, and co-cultured differentially tagged cells. As a control, we repeated this procedure for APA − cells. After 5-10 d we observed GFP + /mCherry + double-positive cells in APA + but not in APA − cultures (Fig. 6e,h , respectively, and Supplementary Fig. 4) , demonstrating a fusion preference of APA + cells. Furthermore, staining of these cultures for the pan trophoblast marker, cytokeratin 7 (CK-7), revealed strong expression in the APA + population but not in the APA − population (Fig. 6f,i, respectively) . Additionally, we tested the propensity of APA + cells to develop into placental structures in vivo. We engrafted ~1 × 10 5 7-daycultured APA + and APA -cells into the subcapsular kidney compartment of immunodeficient mice and analyzed the grafts 8 weeks later. APA + progenitors generated smaller grafts (Fig. 6j versus 6m) , comprising mesenchymal extracellular matrix-rich tissues and epithelial structures that were devoid of teratomas (Fig. 6k,l) . Pentachrome staining (Fig. 6l) revealed proteoglycan-rich regions 41 that are abundant in the placental mesenchyme 42 . Immunohistochemistry of the APA + grafts revealed that the epithelial structures were positive for placental-specific proteins, including 3-β-hydroxysteroid dehydrogenase/∆-5-4 isomerase (HSD3B1) 43 and the STS enzyme 37 . The nonepithelial tissues were immunopositive for APA 44 , human placental lactogen (HPL) and the placental alkaline phosphatase (PLAP) (Fig. 6p) . In addition, APA + grafts were largely negative for mesoderm and endothelial markers (Supplementary Fig. 5 ) and did not contain neurons, as shown by lack of NF M+H staining (Fig. 6p) . In contrast, grafts derived from APA − cells generated large teratomas (Fig. 6m) containing cartilage, bone and numerous epithelial structures (Fig. 6n,o) . The APA − grafts also included tissues expressing NF M+H, but were largely devoid of STS, HS3DB1, APA, HPL and PLAP immunopositive cells (Fig. 6q) .
Markers of progenitor groups are common to hESCs and hiPSCs
To evaluate the generality of markers and progenitors derived from hESCs, we analyzed the differentiation of the four progenitor groups in cultures of hiPSCs generated from fetal lung fibroblasts (IMR90, ref. 45 ). Similar to our results with hESCs, self-renewing cultures of hiPSCs contained a small population of CXCR4 + cells, and 3-day BMP4-treated cultures of hiPSCs included ROR2 + , CD87 + and APA + populations (Fig. 7a, top) . We sorted these populations and found that they are enriched with genes characteristic of the progenitors derived from hESCs (Fig. 7a, bottom) . Analysis of the sequence of emergence of cells expressing the identified markers showed that the CXCR4 + population peaked after 1 day (Supplementary Fig. 6a) , whereas the populations of ROR2 + , CD87 + and APA + cells began to appear after 2 d of differentiation (Supplementary Fig. 6b-d) . Notably, variations in population frequencies of ROR2 + , APA + and CD87 + cells that emerged after treatment with different lots of FBS (3-9 different batches from several vendors) were comparable to differences between replicate experiments using the same batch of serum ( Supplementary Fig. 6e,f, respectively) .
DISCUSSION
We used a large library of mAbs to identify dozens of cell surface markers and progenitor groups (Supplementary Figs. 1 and 2 ) exhibiting characteristics of endoderm/primitive endoderm, mesoderm, vascular endothelial and trophectoderm lineages (Figs. 2-6 ). The fact that multiple markers recognized each progenitor class suggests that we approached screen saturation for the major progenitor types. Nevertheless, it is possible that the panels of mAbs and gene probes with which we analyzed the sorted populations did not fully resolve all the progenitors that emerge under these differentiation conditions. Additionally, the relations between markers and lineages were established only for progenitors of group no. 1 in self-renewing cultures, and for progenitor groups no. 2-4 after 3-5 d of differentiation (BMP4, retinoic acid).
We found a striking overlap between the transcriptional profile of PSM − , SSEA-1 + , CD173 + and CXCR4 + cells in self-renewing cultures of hESCs (Fig. 2) and the expression profiles of genes in the anterior visceral endoderm regions of the mouse embryo at the pregastrulation stage. Sorted CXCR4 + cells exhibited the strongest signature of this kind; in addition to canonical endoderm genes (e.g., SOX17, FOXA2, GATA4 and GATA6), the cells expressed high levels of genes required for the formation of the distal visceral endoderm in response to Nodal signaling 31 . These include the Nodal antagonists CER1 and LEFTY1 and the Wnt antagonist DKK1. The expression of Wnt and Nodal antagonists in the mouse embryo is governed by FOXA2, LHX1 and SMAD2, all of which were highly expressed in the CXCR4 + cells. OTX2, another downstream target of FOXA2 and SMAD2 in visceral endoderm cells, was also highly expressed in this population. In addition, we verified that these early emerging CXCR4 + cells co-express endoderm and pluripotency genes (Fig. 3b,c) , consistent with the co-existence of pluripotency and endoderm genes in early migrating primitive endoderm cells of the mouse embryo 46 .
Previous work identified CXCR4 + cells in cultures of hESCs treated with Activin-A and very low concentrations of serum 4 . Lack of Sox7 transcription in these cultures was taken as an indication of definitive rather than primitive endoderm commitment. This conclusion was primarily based on the expression of Sox7 in the extraembryonic portion of the visceral endoderm of mouse embryos and the lack of expression in the nascent definitive endoderm. However, the embryonic portion of the visceral endoderm does not express Sox7 either 26 . Hence, lack of Sox7 transcription cannot be regarded npg A r t i c l e s as evidence of definitive endoderm commitment. CXCR4 is also regarded as a marker of definitive endoderm based on its transcription in mouse definitive endoderm but not in the yolk sac, which descends from primitive endoderm 5 . Here we found, however, that early mouse embryos express Cxcr4 in parietal and visceral primitive endoderm tissues (Fig. 3e) and that mouse Cxcr4 + cells express endoderm genes before the development of the definitive endoderm (Fig. 3g, right) . Additionally, it has been shown that the hypoblast region (visceral endoderm equivalent) of presomite-stage chick embryo broadly expresses Cxcr4 along with expression in the primitive streak 47 . Taken together, these findings strongly suggest that CXCR4 is an evolutionarily conserved pan-endoderm marker rather than a definitive endoderm-exclusive marker. We therefore employed additional evidence that led us to classify the cells of group no. 1 as primitive endoderm progenitors (although we cannot completely rule out correspondence to definitive endoderm). This includes wide transcriptional resemblance to anterior visceral endoderm, high expression levels of pluripotency genes, and emergence of these cells before the gastrulation-like progenitor groups no. 2-3 ( Supplementary Fig. 6a-c, respectively) . Another study recently isolated hESC-derived SOX17 + endoderm progenitors exhibiting low expression of pluripotency genes and surface expression of CD49e, CD141 and CD238 (ref. 48) . Conversely, the progenitors of group no. 1 exhibited relatively high expression of pluripotency genes ( Fig. 2) and did not exhibit elevated levels of CD49e, CD141 and CD238, indicating that they are different from the SOX17 + progenitors 48 . These differences in the characteristics and timing of emergence are consistent with respective correspondence to primitive and definitive endoderm.
Emergence of mesoderm progenitors in response to BMP4 is consistent with the influence of BMP4 on the specification of the primitive streak 17 . Indeed, ROR2 + cells representing progenitor group no. 2, exhibited a striking transcriptional signature of regulators that orchestrate early primitive-streak formation. Additionally, these cells underwent epithelial-to-mesenchymal transition in culture similarly to early migrating primitive-streak cells 49 . Associating this group with mesoderm progenitors is also supported by the involvement of ROR2 in early mesoderm development. Transcription of Ror2 + is restricted to the nascent primitive steak and migrating lateral mesoderm cells of E7.5 mouse embryos 50 . Its absence in mice leads to defects in somitogenesis and cardiogenesis 51 , and ROR2 mutations in humans lead to Robinow syndrome, characterized by skeletal and heart defects 52 .
The later induction of cardiovascular genes and the markers KDR and PDGFRA in cultured ROR2 + cells indicates that ROR2 marks a more primitive stage of mesoderm progenitors compared with KDR and PDGFRα 28, 30 . Although ROR2 + cells showed a preference for generating mesoderm (especially cardiac) tissues in vivo (Fig. 4d-k) , the expression of endoderm genes in ROR2 + cells suggests that bi-potent meso-endoderm progenitors exist, perhaps as a rare population. It is plausible that mesoderm progenitor sub-types may be resolved by combining ROR2 with the other markers of group no. 2, and possibly with CD56, which was shown to be expressed by early mesoderm cells 53 .
Vascular endothelium develops in several mesoderm compartments during early embryogenesis (e.g., from lateral and extraembryonic mesoderm 54 ). In this study, we discovered that CD87 + cells of group no. 3 exhibit transcriptional properties of microvascular endothelial progenitors, and their further culturing yields cells with endothelial characteristics. These progenitors also exhibited enrichment and high levels of VCAM1 and VEGFC genes. Vcam1 is vital for the fusion of the allantois bud (the precursor of umbilical cord endothelium 55 ) with the chorion and for morphogenesis of the placental labyrinth 56 . Vegfc is also highly expressed by the early mouse allantois 57 . Similarly to the early allantois 18 , formation of CD87 + cells was promoted by BMP4. The association of the CD87 + progenitors with allantois precursors is further supported by the function and expression pattern of CD87, encoded by PLAUR. PLAUR is a receptor and a master activator of the plasmin system, which promotes cleavage of the extracellular matrix surrounding endothelial cells, acting to increase their motility 58 . This pathway is involved in tissue remodeling and morphogenesis of the placenta 49 , and CD87 is known to be expressed by endothelial cells 59 and in the placenta 60 . Additional components of the plasmin system, including matrix metalloproteinases (MMP1) and collagenases 58 , were also highly enriched in the CD87 + population (Fig. 5c) .
Endothelial cells were previously isolated from hESCs after differentiation for 7 d or more using pan-endothelial somatic markers 34, 61 . Because CD87 can be used to isolate earlier-stage progenitors, we propose that it provides an earlier window for studying specification of endothelial fates. Owing to the early stage of these progenitors, further work is required to determine their full lineage potential and degree of maturation (e.g., by analyzing co-localization of markers such as VE-cadherin, VEGFR2, CD34 and CD31, as well as by evaluating VEGFR2 autophosphorylation in response to VEGF). Likewise, clonal analysis and transplantation of these progenitors is required to reveal their long-term functional and proliferative capacities.
Substantial evidence indicate that pluripotent stem cells have the potential to contribute to the trophectoderm lineage both in vitro and in vivo 2, 6, 62, 63 . This view, however, has been recently challenged by a study proposing that BMP4-treated hESCs are mesoderm cells 3 . Evidence in favor of this interpretation includes dependency of trophoblast gene expression on BRACHYURY, and characteristics of BMP4-treated hESCs that may distinguish them from placental trophoblasts 3 . The influence of BRACHYURY on the expression of trophoblast genes is, however, not sufficient to establish a mesoderm fate. BRACHYURY 64 and BMPs 65 are also involved in the development of the allantois and the chorion, and Brachyury is expressed in the precursor tissue of the chorionic ectoderm at the early streak stage 66 . It is therefore plausible that a mixture of trophoblastand mesoderm-committed cells emerge in response to BMP4. In line with this suggestion, we show that BMP4 promotes emergence of distinct, hESC-derived mesoderm and trophoblast progenitors. The classification of the trophoblast progenitors is supported by the induction of a broad set of trophoblast genes in APA + cells, production of multinucleated fused cells expressing placental markers and generation of tissues expressing placental proteins in vivo. Additional line of evidence is provided by the expression patterns and functions of the respective cell surface markers. APA (CD249, Ly-51, 6C3 encoded by the ENPEP gene) is a glutamyl aminopeptidase (Aminopeptidase A) expressed on the surface of syncytiotrophoblasts 44 , where it participates in the regulation of maternal blood pressure through cleavage of angiotensin II 67 . EGFR and LIFR are expressed in the chorion and are vital for branching morphogenesis of the placental labyrinth 40 . Finally, ABCG2 (ATP-binding cassette efflux transporter BCRP) is expressed at high levels in placental syncytiotrophoblasts and was proposed to play an important role in fetal protection from toxic substances of maternal origin 68 . Taken together, the distinct sets of markers specific for mesoderm and trophoblast progenitors provide purification tools to resolve the heterogeneity of BMP4-treated hESC cultures and to study the formation of these lineages. Nonetheless, this does not rule out the possibility that a portion of trophoblasts is generated from mesoderm progenitors 3 .
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In summary, we have begun dissecting the earliest progenitor progeny of hESCs and hiPSCs by cell surface markers. Together, the gene expression profiles, differentiation outcomes and surface markers of these progenitors are consistent with specification of embryonic organs, including the (i) visceral endoderm, (ii) primitive streak, (iii) allantois and (iv) chorion (Fig. 7b) . We also provide an extensive panel of PSMs (Supplementary Table 3 ) that may be used to remove residual undifferentiated teratoma-initiating cells from cellular transplants 69 . These findings should greatly facilitate the use of surface marker combinations for purifying finer populations of hPSC-derived progenitors, for isolating therapeutic tissue progenitors, and for investigating human embryonic specification programs.
METhODS
Methods and any associated references are available in the online version of the paper.
in a single run following the loading and pressuring 24 × 2 samples and 24 × 2 assays into 2,304 reaction chambers. The PCR profile comprised a 2-min, 50 °C UDG incubation step followed by 10 min, 95 °C UDG inactivation and Taq polymerase hot-start step, and 30 cycles of amplification (denaturation: 15 sec, 95 °C; annealing/extension 1 min, 60 °C).
Single-cell quantification of gene transcript copy number using digital PCR. Sorting gates were chosen to select CXCR4 − or ROR2 + cells. RNA of lysed cells was converted to cDNA using SuperScript III kit (Cat# 18080-051, Invitrogen). Single cells were sorted directly into 0.2-ml wells each containing 5 µl mix of 25 ng random hexamer primers and 1 mM dNTPs in DEPC-treated water. Wells were transferred to thermocycler, incubated at 65 °C for 5 min and immediately placed on ice. Reverse transcription step was performed by adding into each cell lysate 5 µl cDNA synthesis mix containing 10× buffer, 5 mM MgCl 2 , 10 mM DDT, 2U RNaseOut and 200U SuperScript III reverse transcriptase. The mix was incubated at 25 °C for 10 min followed by 50 min in 50 °C, and 5 min termination step at 85 °C. RNA was then eliminated by adding 0.5 µl (1U) RNAse H to each sample and incubating for 20 min at 37 °C.
Direct quantification of GAPDH (Hs99999905_m1), POU5F1 9Hs01895061_u1), T (Hs00610075_g1) and MESP1 (Hs00251489_m1) transcript copy number in single cells was performed using 12.765 Digital Arrays (Cat# BMK-M-12.765, Fluidigm) processed on a Biomark System for Genetic Analysis (Fluidigm). 2.8 µl of each sample (cDNA) was mixed with 0.4 µl sample loading reagent (Cat# 85000735, Fluidigm), 4µl TaqMan Universal Master Mix (Cat# 4304437, ABI) and 0.8 µl of TaqMan gene assay. Total of 12 individual 8 µl sample cDNA mixes, representing 11 different cells and one no-cell control, were dispensed into the array's inlets of the chip input frame. Each cell was loaded and pressurized into 765 individual 6 nl reaction chambers and analyzed in a single run. The PCR profile comprised a 2-min, 50 °C UDG incubation step followed by 10 min, 95 °C UDG inactivation, Taq polymerase hot-start step, and 50 cycles of amplification (denaturation: 15 sec, 95 °C; annealing/extension 1 min, 60 °C). Copy number per cell was computed by multiplying the average number of positive reaction chambers by a dilution factors (12.5) reflecting the fraction of the entire cell mix that was processed.
Immunofluorescence analysis of Oct3/4 protein expression. 20 µl droplets containing 10 4 either CXCR4 positive or negative cells were incubated on poly-L-Lysine-coated glass slides for 30 min in 37 °C. Cells were fixed with 4% paraformaldehyde for 10 min at room temperature (RT), washed and incubated in blocking buffer containing 3% goat serum and 1% Triton X-100 for 1 h at RT. Fixed and permeabilized cells were incubated for 12 h at 4 °C with rabbit anti-Oct4 polyclonal antibody (Cat#2750s, Cell Signaling Technologies) or control rabbit IgG. The cells were then washed and incubated with Alexa-594-conjugated goat anti-rabbit IgG (Cat# A31620, Molecular Probes) for 30 min at RT. Following labeling of DNA with 4,6-diamidino-2-phenylindole (DAPI), the cells were imaged by fluorescence microscopy. The level of Oct4 staining was measured using the MetaXpress software (Molecular Devices) which detected all cells using the DAPI signal and measured the respective intensity of Oct4 staining. Averaged levels of Oct4 in CXCR4 + and CXCR4 − cells were computed from eight fields of cells, each containing about ten cells.
Kidney capsule injection and histology of grafts and mouse embryos. 1-week cultured hESC-derived APA +/− or ROR2 +/− populations were injected under the kidney capsules of male 8-week-old RAGγ-double knockout SCID mice (Rag −/− γc −/− ). Eight weeks following transplantation the grafts were removed and fixed with 2% paraformaldehyde for 12-16 h at 4 °C. Images of bulk grafts were acquired on a Leica MZ16FA Stereomicroscope. Samples were soaked in 30% sucrose PBS solution at 4 °C for 24 h, then removed and embedded in Tissue Tek O.C.T (Sakura Finetek). Frozen blocks were mounted on a MicroM HM550 cryostat (MICROM International GmbH) and 5-to 8-µm-thick sections were transferred to Superfrost/Plus adhesive slides (Fisher). Movat's modified pentachrome was performed as previously described 41 . Timed C57BL E6.5 mouse embryos were processed as described above. All animals were maintained in Stanford University Laboratory Animal Facility in accordance with Stanford Animal Care and Use Committee and National Institutes of Health guidelines.
